In Leishmania major a 100-kDa heat shock protein, Hsp100, is abundant in the intracellular amastigote stage which persists in the mammalian host. A replacement of both clpB alleles which encode Hsp100 does not affect promastigote viability under standard culture conditions but impairs thermotolerance in vitro. In experimental infections of BALB/c inbred mice, the lack of Hsp100 in the gene replacement mutants results in a markedly delayed lesion development compared with that in infections with wild-type L. major. Overexpression of exogenous clpB gene copies can partly restore virulence to the gene replacement mutants. Genetic-selection experiments also reveal a strong pressure for Hsp100 expression in the mammalian stage. This requirement for Hsp100 was also observed in in vitro infection experiments with mouse peritoneal macrophages. These experiments indicated a role for Hsp100 during the development from the promastigote to the amastigote stage. Our results suggest an important role for this parasite heat shock protein during the initial stages of a mammalian infection.
Under environmental stress all organisms examined to date respond with the synthesis of a subset of chaperone molecules, the so-called heat shock proteins. The synthesis of heat shock proteins confers protection against the adverse effects of cellular stress. This is best exemplified by the phenomenon of inducible stress tolerance: cells can survive otherwise-lethal conditions, e.g., heat, when they are pretreated under sublethal stress conditions. The proteins which mediate this inducible protection can vary from organism to organism. In Drosophila melanogaster constitutive overexpression of the 70-kDa heat shock protein (Hsp70) leads to added stress protection, while expression of Hsp70 antisense RNA blocks the induction of stress tolerance (38) . Hsp72 and Hsp27 have both been implicated in inducible stress tolerance in human cells (19, 20, 22) . The best-investigated system is the budding yeast Saccharomyces cerevisiae. In this system the stress-induced expression of Hsp104, a member of the ClpB family of heat shock proteins (7, 26) , leads to increased tolerance to heat stress and various chemical stresses (25, 33, 34) . Hsp104 forms a homohexamer (28) and has an ATP-dependent chaperone function. It can dissolve aggregates of denatured proteins and plays a crucial role in the reconstitution of heat-damaged splicing complexes in the nucleus, in accordance with its predominantly nuclear localization (27, 41) .
Obligate endoparasites of mammals, such as the leishmaniae, encounter heat stress as an integral part of their life cycle after transmission from insect vectors into mammalian hosts. This fact has led several researchers to investigate the stress response in Leishmania. Early work using metabolic labelling techniques showed that temperatures which correspond to those in the mammalian tissue can indeed elicit a markedly increased synthesis of several protein species, namely, of the Hsp70 and Hsp90 families (15, 21, 40) . It was inferred from this that heat shock protein levels are increased during heat stress and thus may confer thermotolerance to the parasite during its mammalian stage (29, 40, 42) . However, the major heat shock proteins of Leishmania, Hsp70 and Hsp83, are already extremely abundant under standard culture conditions (3), and no direct evidence pertaining to the role of specific stress proteins during the parasitic life cycle has been produced to date.
In contrast to that of Hsp70 and Hsp83, the expression of the Hsp104 homolog in Leishmania, Hsp100, is chiefly restricted to conditions of heat stress (13) . This protein is barely detectable in unstressed insect stages of the parasite, but its intracellular level is increased by 1 order of magnitude by temperatures equivalent to those in the mammalian target tissues (17b).
Smejkal et al. (37) had shown that heat treatment increased the virulence of Leishmania braziliensis panamensis in the hamster model. A minimum of several hours of 34°C heat stress prior to inoculation led to a shortened latency period in the experimental infections. The expression pattern of Hsp100 (13) suggests that this protein was the effector molecule which mediated the heat inducibility of virulence observed by Smejkal et al. We therefore investigated whether Leishmania Hsp100 is required for efficient infection of a mammalian host.
(The data contributed by S. Krobitsch will be part of her doctoral thesis.) pUC18 to provide a multiple-cloning site at the 5Ј end of the insert. Neo r and Hyg r genes were isolated from pBSneo or pBShyg (9) by a KpnI-BamHI double digestion and placed between the clpB 5Ј and 3Ј flanks to yield either pL.m.ClpB-NEO or pL.m.ClpB-HYG.
Construction of clpB expression vectors. The complete clpB gene was reconstructed from the plasmids pL.m.ClpB/B3.4 and pL.m.ClpB/X3.5 to yield the plasmid pL.m.ClpB. The correct relative orientation of the gene fragments was confirmed by analytical restriction analysis. A 2.2-kb XhoI fragment from pHM-PAC (6) which contains the puromycin resistance gene was integrated into the single XbaI site of pL.m.ClpB by using S1 nuclease digestion and blunt-end ligation. This led to a plasmid which contains the protein-coding regions of clpB and the Pac r gene in head-to-tail orientation. The plasmid was named pSARϩ. Parasite culture. Promastigote stages of L. major (MHOM/SU/73/5ASKH) were grown in M199 medium supplemented with 25% fetal bovine serum, 100 M adenine, 10 g of heme per ml, 40 M HEPES (pH 7.4), 1.2 g of 6-biopterin per ml, and 20 g of gentamicin per ml. Clonal derivatives of transfected parasites were obtained by plating on M199 agar plates as previously described (17) except that the agar plates contained 50 g of G418 per ml and/or 50 g of hygromycin B per ml to select for transfectants. Selection and maintenance of pSARϩ-transfected ⌬clpB strains were carried out in modified M199 medium supplemented with 50 g each of puromycin, hygromycin B, and G418 per ml.
Electrotransfection. (i) Preparation of DNA. If linear DNA was required for homologous recombination, fragments were excised from pL.m.ClpB-NEO or pL.m.ClpB-HYG by a single XbaI digestion. Single-stranded overhangs were removed by S1 nuclease treatment. For episomal stable transfection, supercoiled plasmid DNA purified over two consecutive density gradients was used.
(ii) Electroporation. Electrotransfection of Leishmania parasites was carried out as previously described (18) . Briefly, cells were harvested during the late log phase of growth, washed twice in ice-cold phosphate-buffered saline and once in prechilled electroporation buffer, and suspended at a density of 10 8 cells/ml in electroporation buffer. Chilled DNA was mixed with 0.8 ml of the cell suspension, which was immediately used for electroporation with a Bio-Rad Gene Pulser apparatus. Electrotransfection of linear DNA was carried out at 3,000 V/cm and 25 F in a 4-mm electroporation cuvette, whereas circular DNA was transfected at 3,500 V/cm and 25 F. Mock transfection of the L. major wild type was performed in identical fashion, but without plasmid DNA, to obtain positive control strains for phenotypical analysis. After electroporation, cells were kept on ice for 10 min before being transferred to 10 ml of drug-free medium. The appropriate drugs for selection of transfectants were added after 24 h.
Western blot analysis. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western transfer were performed as previously described (3). Anti-Hsp70 and anti-Hsp83 immunoglobulin from yolk (IgY) were previously described (13) . Anti-Hsp100 IgY was isolated from eggs from laying hens immunized with the recombinantly expressed complete Hsp100 protein (3a) as previously described (30, 31) . Anti-chicken immunoglobulin G-alkaline phosphatase conjugate (diluted 1:3,000) was obtained from Jackson Immunolabs.
Southern blot analysis of transfected cells. ScaI-digested genomic DNA (10 g) of each L. major clone was separated by electrophoresis through a 1% agarose gel in Tris-acetate-EDTA buffer (32) and transferred onto a nylon membrane. Blots were hybridized to various DNA probes: a 1,300-bp clpBspecific amplification product (13) which represented the clpB open reading frame (ORF) and probe 5Ј-0.6, which was isolated from a BamHI-ScaI digest of the originally obtained phage DNA (13) . This DNA fragment is located immediately upstream of the 3.4-kb BamHI fragment and is not part of the DNA constructs used to replace the clpB alleles. Probes specific for the Neo r and Hyg r genes were isolated from pBSneo and pBShyg. Radiolabelling and hybridization were carried out according to standard procedures (32) . Experimental infections. Stationary-phase promastigotes were collected by centrifugation (1,000 ϫ g, 10 min, 4°C), washed twice in ice-cold phosphatebuffered saline, and resuspended at a density of 4 ϫ 10 8 or 4 ϫ 10 7 /ml. Parasites were inoculated in a volume of 50 l into the right hind footpads of 5-to 6-week-old BALB/c mice. Footpad size was measured weekly with an ODITEST caliper (Kroeplin, Schlüchtern, Federal Republic of Germany). Parasite loads were determined by limiting dilution of homogenized host tissue in supplemented M199 medium (see above).
Limiting-dilution analysis. Mice infected with wild-type L. major, L. major ⌬clpB strain 1, and L. major ⌬clpB(pSARϩ) were sacrificed after 11 weeks of infection, during which significant lesions had developed. The proximal lymph nodes were removed and homogenized, and the homogenates were subjected to a limiting-dilution assay in supplemented M199 medium by using 96-well microtiter plates. After 2 weeks the plates were evaluated for Leishmania proliferation. In previous tests we had established that one Leishmania cell per well proliferates in supplemented M199 medium.
In vitro infections. Peritoneal macrophages from BALB/c mice were seeded into sterile chamber slides (Nunc) at 10 6 cells per ml in supplemented M199 medium (see above). After allowing 1 h at 37°C for adhesion of the cells, a 10-fold excess of L. major stationary-phase promastigotes was added. After 4 h at 37°C, the supernatant was removed and the cells were washed once with fresh medium. After addition of fresh medium, the infected macrophages were incubated for up to 3 days. Cells were then fixed with ice-cold methanol, stained with Giemsa, and analyzed microscopically.
Thermotolerance experiments. Growth of the different Leishmania strains was synchronized by daily dilution to 10 6 cells/ml. Synchronized log-phase promastigotes were seeded at 10 6 /ml and incubated at either 25 or 35°C. Cell density was measured daily with a microscope and a counting chamber. Live cells were defined as showing flagellum motility.
Imaging. Autoradiographs and Western blots were digitalized on a flatbed scanner. Photographic images on 35-mm slides were digitalized in a Kodak Photo CD format. Digital images were cropped and juxtaposed by using Adobe Photoshop software, version 3.0.5, on an Apple Power PC computer. Line drawings were generated and combined with halftone images by using Claris Draw software.
RESULTS
Hsp100 is expressed in L. major amastigotes. The heat inducibility of Hsp100 synthesis suggests that this protein should be expressed in amastigotes of Leishmania. We therefore investigated the abundance of Hsp100 in tissue amastigotes of L. major. Promastigotes from a stationary-phase culture were inoculated into the footpads of BALB/c mice. After 11 weeks, during which substantial footpad lesions developed, the mice were sacrificed, and amastigotes were recovered from lymph node tissue and frozen. The number of parasites per milliliter was determined by limiting-dilution assay (data not shown). An equivalent of 5 ϫ 10 6 frozen amastigotes was analyzed by SDS-PAGE and immunoblot analysis (Fig. 1, lane 3) . A control sample with lymph node material prepared from uninfected mice did not react with the antibodies against Leishmania heat shock proteins (Fig. 1, lane 4 ). Control lanes with 5 ϫ 10 6 L. major promastigotes cultivated at 25 and 36°C, respectively, showed signals for both Hsp70 and Hsp100, with an increase of Hsp100 after heat shock (Fig. 1, lanes 1 and 2) . The amastigote material showed a dominant signal for Hsp100, even more prominent than for Hsp70. The high Hsp100 concentration in amastigotes suggests an important role for this protein during the mammalian stage of L. major.
Replacement of clpB alleles in L. major. To obtain direct evidence for Hsp100's role during the mammalian stage of L. major, we performed a gene disruption analysis. The cloning and sequence analysis of the clpB gene from L. major (13) , which encodes Hsp100, allowed us to perform a gene knockout and subsequent phenotype analyses of resulting mutant L. major strains. The technique of homologous recombination we employed was developed for Leishmania by Cruz and Beverley (4). The strategy used is shown schematically in Fig. 2A . The coding sequences of the two clpB alleles were replaced sequentially with the ORFs encoding neomycin phosphotransferase and hygromycin phosphotransferase. We confirmed the correct insertion of the selection marker genes by Southern blot analysis (Fig. 2B) . Probing the filters with a clpB ORF probe (Fig.  2B) showed the incremental loss of the 5-kb ScaI fragment which includes the Hsp100-coding DNA in the mutant strains. The Neo r gene probe (Fig. 2B ) hybridizes in both mutant strains to a 2.6-kb ScaI fragment as predicted for a correct insertion ( Fig. 2A) . The Hyg r gene probe (Fig. 2B ) hybridizes only in the double knockout mutant ⌬clpB strain 1 and to the predicted 2.6-kb ScaI fragment. The correct insertion was further ascertained by hybridization with a 0.6-kb ScaI-BamHI fragment (probe 5Ј-0.6 [ Fig. 2B] ) which is located immediately upstream of the transfected clpB-flanking DNA. This fragment hybridizes to 5-kb ScaI fragments in the wild type, to one 5-kb and one 2.6-kb fragment in the single-replacement clpB ϩ / Ϫ strain, and to 2.6-kb fragments in the double-replacement strain ⌬clpB strain 1. Analysis by pulse-field gel electrophoresis of intact chromatin and Southern blotting (data not shown)
confirmed that the marker genes were inserted exclusively in the correct chromosome. The replacement of one clpB allele (clpB ϩ / Ϫ ) results in an approximately 50% reduction of Hsp100 levels in heat-stressed promastigotes (Fig. 2C, lanes 3 and 4) compared with those in the wild type (Fig. 2C, lanes 1 and 2) . The second round of gene replacement results in a complete elimination of Hsp100 expression in the knockout mutant (⌬clpB strain 1) (Fig. 2C , lanes 5 and 6). The elimination of one clpB allele is not compensated for by an activation of the remaining gene copy, which indicates that expression of the clpB locus is maximally induced under the conditions of the experiment. To rescue the Hsp100 expression in the knockout mutant, we constructed plasmid pSARϩ, which contains the complete clpB gene locus and the puromycin resistance gene under the control of the dihydrofolate reductase gene-flanking sequences. The knockout mutant was transfected with the pSARϩ plasmid by electroporation, and puromycin-resistant parasites were selected. The rescue mutant L. major ⌬clpB(pSARϩ) expresses 5-to 10-fold-higher levels of Hsp100 than the wild type (Fig. 2C,  lanes 7 and 8) . Note that only one-fifth as much protein was loaded in lanes 7 and 8 of 5 promastigote equivalents of L. major ⌬clpB(pSARϩ) was loaded in lanes 7 and 8 to achieve comparable staining. Membranes were probed with anti-Hsp100 antibodies. copies appears to be upregulated under heat stress. This indicates that Hsp100 expression is not feedback regulated. However, downregulatory elements may be lacking from the 2,000 bp each of the 5Ј-and 3Ј-flanking regions which control Hsp100 synthesis in the plasmid pSARϩ.
Hsp100 contributes to thermotolerance. The clpB gene knockout does not affect the general viability. Proliferation rates of wild-type L. major, ⌬clpB strain 1, and L. major ⌬clpB(pSARϩ) were indistinguishable under normal (25°C) culture conditions (Fig. 3A) . At elevated culture temperatures, however, Hsp100 appeared to contribute to survival and/or proliferation of promastigotes. At 35°C both the mock-transfected wild-type L. major and the rescue strain L. major ⌬clpB(pSARϩ) grew steadily for several days and entered a stationary growth phase (Fig. 3B) . Cell counts for ⌬clpB strain 1, however, plateaued after 2 days of incubation at 35°C and then dropped sharply. Since at least 24 h is required for Hsp100 to appear in significant concentrations (13) , it was expected that differences between wild-type and mutant strains would not become manifest before 1 or more days. We conclude that expression of Hsp100 extends the upper limit of the permissive temperature range of the promastigote, i.e., it confers additional thermotolerance in L. major. Note that the prolonged incubation at elevated temperatures did not lead to the development of amastigote-like forms as in other leishmaniae.
We also tested whether Hsp100 is required for survival or proliferation under conditions of heat stress. We performed limiting-dilution analysis of wild-type and mutant strains after subjecting promastigote cultures to defined heat stress (24 h at 36, 37, or 38°C). No differences in survival could be detected (data not shown). We conclude that Hsp100 contributes to proliferation rather than survival at elevated temperatures. Experimental infection with wild-type and mutant L. major. BALB/c inbred mice are a well-established animal host for L. major infection (2, (10) (11) (12) . In order to assess the role of Hsp100 during the intracellular stage in a mammalian host, we tested pathogenicity and virulence of mock-transfected wildtype and mutant L. major by inoculating stationary-phase promastigotes into the footpads of BALB/c mice.
Leishmaniae cultured in liquid growth media for prolonged periods of time may lose their infectivity spontaneously (35) .
To eliminate any such artifacts due to the in vitro culture necessary for mutagenesis, we first passaged the mock-transfected wild type and the gene replacement strains once in the mouse infection model to select for the most virulent parasites of each strain. We inoculated promastigotes (2 ϫ 10 7 ) from each strain into the footpads of BALB/c mice, monitored the progression of the infection as indicated by swelling of the infected footpad, and harvested the parasites from the spleen tissue of the sacrificed animals. In this initial infection we already observed a delayed development of footpad lesions in animals infected with ⌬clpB strain 1 (data not shown). In contrast, the mock-transfected wild-type strain, which prior to transfection procedures had been in culture for more than 2 years, nevertheless induced rapidly developing lesions (data not shown). We conclude that strain MHOM/SU/73/5ASKH is not prone to random losses of virulence due to electrotransfection or prolonged in vitro culture.
The reisolated strains were then inoculated into the footpads of BALB/c mice at infection doses of 2 ϫ 10 6 promastigotes per animal. Figure 4A displays the time course of the infection experiment. We observed a lowered virulence of ⌬clpB strain 1 indicated by the delayed appearance of lesions compared with those of the wild type. The difference between the wild type and ⌬clpB strain 1 is significant (␣ ϭ 0.005) in a U test performed according to the method of Mann and Whitney (24) . The reduced virulence is due to the lack of Hsp100: overexpression of Hsp100 from extrachromosomal exogenous gene copies in L. major ⌬clpB(pSARϩ) significantly (␣ ϭ 0.05) speeds up lesion formation by the knockout mutant.
We also performed limiting-dilution analyses to determine the parasite load in the proximal draining lymph nodes of infected animals. The graphic representation (Fig. 4B) shows that total parasite numbers in the draining lymph nodes of animals infected with wild-type L. major are 75-fold higher than the numbers in animals infected with ⌬clpB strain 1. Overexpression of Hsp100 from extrachromosomal clpB copies in L. major ⌬clpB(pSARϩ) quadruples parasite loads compared with the ⌬clpB replacement mutant. These data are in agreement with the lesion sizes observed (Fig. 4A ) and confirm earlier reports (11) that skin lesion size correlates with parasite load in L. major-infected BALB/c mice.
Our inability to fully restore the gene replacement mutant to the wild-type phenotype by overexpression of Hsp100 (Fig. 4A) raised the possibility of a spontaneous loss of virulence in ⌬clpB strain 1 mixing with the effect of the gene replacement. To exclude this possibility, we produced new single-allele-replacement mutants of an L. major wild-type strain freshly derived from animal passage. We isolated two strains, strains 2 and 12. These strains were separately subjected to replacement of the second clpB allele. After clonal selection on agar plates, three clones were derived from each single-replacement mother strain, yielding a total of six independent ⌬clpB double-replacement strains, 2.1 to 2.3 and 12.1 to 12.3.
All six new strains were used in an infection experiment (Fig.  4C) . The average lesion sizes of four mice infected with wildtype L. major increased rapidly after 3 weeks. The footpads of mice infected with ⌬clpB strains 2.ϫ and 12.ϫ showed no significant swelling over the course of the experiment. Thus, seven of seven ⌬clpB strains displayed a delayed or impaired lesion formation in mice. This result confirms the specificity of the gene replacement and makes a random loss of virulence highly unlikely as an explanation for the observed phenotypes.
Overexpression of Hsp100 in Leishmania is not beneficial. Another explanation for the incomplete restoration of the wild-type phenotype by the introduction of exogenous clpB gene copies (Fig. 4A) is the considerable overexpression of Hsp100 in the L. major ⌬clpB(pSARϩ) strain (Fig. 2C) . To test whether such overexpression may have interfered with lesion formation, we transfected the pSARϩ plasmid into wildtype L. major. The lesions caused by this overexpressing strain, L. major(pSARϩ), indeed appeared later than those caused by wild-type L. major (Fig. 4D) . In addition, the parasites reisolated from mouse lymph node tissue 12 weeks postinoculation expressed normal levels of Hsp100 (data not shown) and, as shown below, had lost the pSARϩ episome.
A selective pressure for expression of Hsp100. Another way to evaluate the importance of a protein is to test whether it is a selectable marker under any given condition. The stability without antibiotic selection of the pSARϩ construct in the genetic backgrounds of wild-type L. major and the ⌬clpB double-replacement strain served as a measure for selective pressure.
Parasite strains L. major(pSARϩ) and L. major ⌬clpB (pSARϩ) were inoculated into BALB/c mice. In parallel, the strains were cultivated in liquid medium with and without antibiotic selection. Eleven weeks postinoculation, parasites were reisolated from the lymph nodes of infected mice. Cell suspensions were then subjected to limiting dilution both in the presence and in the absence of puromycin to determine the percentage of parasites which had retained the puromycin resistance marker gene on the pSARϩ plasmid. The result presented in Fig. 5A shows a dramatic difference between the wild type and the ⌬clpB mutant: 33% of the ⌬clpB mutants had retained puromycin resistance through 11 weeks of mouse passage in the absence of any antibiotic pressure. In contrast, the same plasmid was all but lost from wild-type L. major during the same period of time.
To test whether Hsp100 expression was affected in the same way, we performed an immunoblot analysis with anti-Hsp100 antibody (Fig. 5B) . Wild-type L. major (Fig. 5B, lane 1) was compared with L. major(pSARϩ) and L. major ⌬clpB(pSARϩ) passaged in liquid culture with antibiotic selection or in the absence of puromycin for 12 weeks. In the presence of puromycin the episomes are predictably stable. Without selection, however, both the wild type and the ⌬clpB mutant lose the episome: the ⌬clpB mutant contains no Hsp100 and the wild type shows normal levels of expression. In contrast, L. major ⌬clpB(pSARϩ) parasites reisolated from infected mice and cultivated for 1 week in the absence of puromycin still expressed high levels of Hsp100 (Fig. 5B, lanes 6 and 7) . Reisolated L. major(pSARϩ) (Fig. 5B, lanes 8 and 9) , however, showed Hsp100 expression only barely above normal, which is in agreement with its loss of the episome (Fig. 5A) .
We conclude that during the mouse infection the pSARϩ episome is stabilized in the ⌬clpB mutant by a strong selection for Hsp100 expression. This selective pressure to maintain the episome is obviously absent from wild-type L. major because the two chromosomal clpB alleles are sufficient and overexpression appears to be a disadvantage.
Loss of Leishmania Hsp100 affects in vitro infection of macrophages. We have also tested the ability of wild-type L. major and the ⌬clpB knockout mutants to survive and differentiate in isolated mouse peritoneal macrophages in vitro. Mouse peritoneal macrophages were presented with a 10-fold excess of wild-type L. major and with each of the seven ⌬clpB strains. After 2 days the infection was evaluated. Figure 6A to D show representative views of infected macrophage populations. While over 90% of the macrophages presented with wild-type L. major harbored amastigotes (Fig. 6B) , only 29% (Ϯ16% [standard deviation]) of those challenged with any ⌬clpB strains showed intracellular parasites ( Fig. 6C and D) . More importantly, those macrophages infected with ⌬clpB strains 1 and 2.3 ( Fig. 6G and H) and the other five strains (data not shown) contained only small numbers of parasites per cell which were still mostly in an elongated shape and resembling FIG. 5 . Stability of the pSARϩ episome in wild-type and mutant L. major. Wild-type and ⌬clpB L. major strains were transfected with the pSARϩ plasmid, and recombinant cells were selected in the presence of puromycin. L. major(pSARϩ) and L. major ⌬clpB(pSARϩ) were inoculated into two BALB/c mice each and reisolated from the draining lymph nodes 11 weeks postinfection. (A) The number of live parasites of either recombinant strain and from either of two mice was determined by limiting dilution. In parallel, the numbers of puromycin-resistant (puro R ) parasites were determined by limiting dilution in puromycin-containing growth medium. From this set of data the mean percentage of puromycin-resistant leishmaniae was calculated for each strain. (B) Parasites of either recombinant strain and from either animal were grown as promastigotes for 1 week without antibiotic selection. A total of 10 6 promastigotes derived from either of two mice infected with L. major(pSARϩ) (lanes 8 and 9) and L. major ⌬clpB(pSARϩ) (lanes 6 and 7) were compared in an immunoblot by using anti-Hsp100 antibodies with equal numbers of promastigotes from the wild type (lane 1) and from both recombinant strains, which had been cultivated for 12 weeks in liquid culture with and without puromycin. The marker lane was stained with Coomassie blue, and the molecular masses of marker proteins are indicated in kilodaltons. Note that lanes 1 to 5 and lanes 6 to 9 are derived from separate areas of the same immunoblot and thus can be compared directly.
FIG. 6.
In vitro infection of mouse macrophages with mock-transfected wild-type and mutant L. major. Isolated mouse peritoneal macrophages were infected with a 10-fold excess of Leishmania promastigotes. After 2 days, the macrophages were fixed and stained with Giemsa. Microphotographs were taken in overview at a magnification of 180 (A through D) and in detail at a magnification of 567 (E through H). Macrophages were infected with wild-type L. major (B and F), ⌬clpB strain 1 (C and G), or ⌬clpB strain 2.3 (D and H). Noninfected control macrophages are shown in panels A and E. Arrows in panels G and H point at intracellular parasites.
promastigotes. In contrast, wild-type L. major (Fig. 6F) showed considerable intracellular proliferation of amastigote stages after 2 days.
These in vitro results confirm the in vivo infection data and suggest that Hsp100 is important early in infection during the differentiation from promastigotes to amastigotes in the host cell.
DISCUSSION
Hsp100 contributes to thermotolerance. Members of the ClpB family of heat shock proteins are expressed in cells to cope with heat or chemical stresses (23, 25, 33, 34, 39) . Leishmania Hsp100 appears to play a similar role: at 35°C, which is comparable to the temperature of mammalian skin tissue, the loss of Hsp100 impairs viability (Fig. 3B) . At temperatures beyond the limits of viability of the promastigote stage (e.g., 37°C) the ⌬clpB mutant succumbs faster than the wild type (data not shown). At lower temperatures which already induce Hsp100 synthesis in wild-type cells, the proliferation rates of the wild type and ⌬clpB mutants do not vary to a significant extent (data not shown). This and the fact that growth and/or viability under normal culture conditions is unaffected by the gene replacement (Fig. 3A) are evidence that expression of Hsp100 in the promastigote stage is required only under conditions of severe heat stress.
Loss of Hsp100 retards lesion development in infected mice. The parasite loads caused in mice by the ⌬clpB mutants are reduced by 2 orders of magnitude compared with the loads caused by mock-transfected wild-type L. major (Fig. 4B ). This correlates with a delayed onset of lesion progression observed for the gene replacement mutants (Fig. 4A) . Once initiated, however, lesions caused by mutant strain 1 progress with rates comparable to those caused by mock-transfected wild-type L. major and eventually reach a similar size (Fig. 7) . This argues against a requirement of Hsp100 for the intracellular proliferation of fully differentiated amastigotes and suggests that the loss of Hsp100 chiefly affects processes in the initial phase of an infection, i.e., development from the promastigote to the amastigote stage. This view is supported by the in vitro infection experiments (Fig. 6) , in which we observed that the gene replacement strains showed a low incidence of development towards amastigote-like morphology. Such an impaired development could explain the delayed appearance of lesions.
The phenotypic effects are specific. The observed phenotypes are not the result of random gene disruption or random loss of virulence due to prolonged in vitro culture or the stress of electroporation. The correct insertion of selective marker genes was carefully verified (Fig. 2B) . This argues against replacements in other gene loci. Also, the transfected constructs are void of other protein-coding sequences as evidenced by sequence analysis of the complete clpB gene locus (3b).
The wild type was always subjected to the same electroporation regimen, and random losses of virulence were never observed. In contrast, seven of seven gene replacement strains show identical phenotypes, with a loss of virulence and impaired amastigote development.
More is not better. One point of concern was our inability to fully restore virulence to the gene replacement strain by overexpression of Hsp100 from multiple episomal gene copies (Fig.  4A) . This concern was mitigated by our finding that transfection of wild-type L. major with the same overexpression construct also leads to a delayed lesion development (Fig. 4D) . We assume that temperature-induced overexpression of Hsp100 inside a mammalian host from multiple extrachromosomal gene copies does not constitute an advantage for Leishmania.
This assumption was corroborated by our finding that wildtype L. major rapidly loses episomal clpB gene copies in infected mice (Fig. 5) . In contrast, the ⌬clpB mutant which lacks chromosomal clpB alleles maintains the episome stably through animal passage. This result is clear proof that overexpression of Hsp100 does not give Leishmania a selective advantage. Therefore, more Hsp100 is not better, but a lack of Hsp100 is worse.
This preference for a limited expression is also reflected in the fact that Hsp100 is encoded by single-copy genes only in L. major and Leishmania donovani (13, 17b) . In contrast, other known heat shock protein genes, e.g., Hsp70 and Hsp83, are present in multiple copies in Leishmania and are organized in gene clusters (14, 21a, 36) . Hsp70 and Hsp83 are consequently far more abundant than Hsp100 (3).
A stage-specific role for Hsp100. The loss of any Leishmania gene may reduce general viability and thus virulence. Both the impact and the expression of Hsp100, however, are largely restricted to conditions encountered during host invasion. In the promastigote stage of L. major, Hsp100 is obviously dispensable under normal culture conditions. This was evidenced by the successful gene replacement and the fact that the replacement mutants are indistinguishable from the wild type under standard culture conditions (Fig. 3A) . The stage-specific impact of Hsp100 is best demonstrated by the selection experiment whose results are shown in Fig. 5 : in the absence of chromosomal clpB copies there is a strong selective pressure to maintain episomal clpB genes as long as the parasite resides in the mammalian host. Therefore, Hsp100 has a protective role which it plays during the establishment of the parasite within a mammalian host but not during the insect stage.
The function of Hsp100 in other leishmaniae. We have also observed high levels of Hsp100 in axenic amastigote-like forms of L. donovani (17b) . Such axenically derived amastigotes of L. donovani have been in use for several years, and in every respect analyzed so far they are indistinguishable from true lesion-derived amastigotes (1, 5, 8, 16, 43) . Replacement of the L. donovani clpB alleles indeed affects differentiation to the axenic amastigote stage (17a). We therefore expect the impact on the differentiation processes to be a feature of Hsp100 in other Leishmania species as well. FIG. 7 . Prolonged observation of lesion growth in infected mice. A total of 2 ϫ 10 7 promastigotes both of L. major (squares) and of ⌬clpB strain 1 mutant (triangles) were inoculated into footpads of BALB/c mice, and lesion development was monitored for 10 weeks. The linear functions of lesion size versus time were calculated from all data pairs with mean lesion sizes of Ͼ0.2 mm and are shown as solid lines.
